Living organisms, from the simplest and smallest to the largest and most complex ones on Earth, are an intricate balance of building blocks that act together to form a working system. Our ability to perturb living systems in a controlled manner has led to the definition of the central dogma in molecular biology, i.e. that DNA functions as the encoded information for protein structure and function through RNA intermediates. This central framework is used to increase our understanding of living systems and, along the way, to discover additional layers of complexity as part of the interactions at play in and around living organisms. One such layer is based on the interactions of small molecules with proteins and other biological macromolecules. Consisting of hormones, metabolites, and molecules found in the surrounding environment, these small molecules are an essential aspect of biological processes and their elaborate fine tuning.
Although the use of small molecules to alter biological systems has a rich history, for example through the medicinal use of plant compounds, its true potential has been recognized only recently. The discovery of penicillin in 1928 marked the onset of an era of increasing ability to utilize, design, and repurpose small molecules to alter biological processes. Well-known examples are medicinal drugs and various herbicides and fungicides, but in the last decade, small molecules have become valuable tools in basic plant research (Surpin and Raikhel, 2004; Raikhel, 2009, 2010; Tresch, 2013; Dejonghe and Russinova, 2014; Serrano et al., 2015) . Especially, the potential to overcome the obstacles of gene essentiality or high redundancy in gene families has made chemical genetics an attractive alternative to classical genetics approaches. An additional benefit is that the small molecules can be applied in a conditional, reversible, and dose-dependent fashion, thus allowing a temporary perturbation of a biological system. The publicly available small-molecule libraries, and the publication of primary and secondary screens of these libraries (Drakakaki et al., 2011) , provide a wide variety of small molecules that plant researchers can choose to characterize in the context of the biological process of interest. Furthermore, for application in plants, small molecules can be adopted from other systems, provided that the target is well conserved.
A major challenge in chemical genetics approaches has been the identification of the target(s) of the small molecules of interest and, thus, elucidation of their mode of action (MoA). One commonly employed method to identify candidate targets is screening, in which a mutagenized plant population, for instance, is monitored for resistance against the selected small molecule. Over the years, other target identification approaches have been adopted, including affinity purification, but the plant field still lags behind the drug discovery field in expertise and applications (Ziegler et al., 2013; Dejonghe and Russinova, 2014) . Here, our aim is to provide an overview of the recent progress in plant chemical genetics, including details regarding the tools and approaches used as well as the biological questions addressed and the insights gained. We discuss exciting opportunities and possible future directions and reflect on the challenges that are inherent to adopting a chemical genetics approach in plants.
SMALL-MOLECULE LIBRARIES
Chemical genetics approaches require carefully designed screening procedures and adequate screening libraries, in terms of compound origin and quantity, followed by a suitable target identification strategy. The different aspects and points to consider in designing a screen have been well reviewed elsewhere (Serrano et al., 2015) . Accordingly, we will begin with an overview of the types of small-molecule libraries used over the past years in the plant field ( Fig. 1 ; Box 1). In general, two types of libraries can be distinguished: large, often combinatorial libraries, such as the Chembridge DIVERSet library; and more focused collections, such as the LATCA (Hicks and Raikhel, 2012) . By far, the most used library in plant chemical biology is the Chembridge DIVERSet (Armstrong et al., 2004; Zouhar et al., 2004; Surpin et al., 2005; DeBolt et al., 2007; Rojas-Pierce et al., 2007; Christian et al., 2008; Gendron et al., 2008; Savaldi-Goldstein et al., 2008; De Rybel et al., 2009 , 2012 Lin et al., 2010; Tsuchiya et al., 2010; Kim et al., 2011; Kerchev et al., 2014; Hu et al., 2016; Van de Wouwer et al., 2016) . Chembridge also provides focused or targeted small-molecule libraries (Poretska et al., 2016) . Additional libraries include the Maybridge Hitfinder (Nishimura et al., 2012 (Nishimura et al., , 2014 , the Life Chemicals, Inc., collection (Zhao, 2012; Ye et al., 2016) , the Korean Chemical Bank (Kim et al., 2010) , and the RIKEN Natural Products Depository (Noutoshi et al., 2012a; Ito et al., 2015) . Several smaller libraries also can be combined, resulting in screens of sometimes more than 50,000 small molecules (Drakakaki et al., 2011; Okamoto et al., 2013; Knoth and Eulgem, 2014) .
Most collections adhere to Lipinski's rule of five (Lipinski et al., 2001) , which defines the characteristics ensuring the bioavailability of the small molecules, such as molecular mass and number of H-donor sites. However, these conditions can differ depending on the system in which the small molecules are used (Serrano et al., 2015) . In addition, the bioavailability of small molecules does not equate with bioactivity. Large collections, such as the DIVERSet library, offer bioavailable small molecules, but the entire collection is not necessarily bioactive in a given system, because the emphasis in library construction is on providing chemical diversity rather than guaranteeing bioactivity. By contrast, natural product libraries and libraries focused on a given phenotype or biological process of interest are smaller and often selected for bioactivity in a given system. For instance, the LATCA collection consists of 3,600 active small molecules able to inhibit hypocotyl growth in etiolated Arabidopsis (Arabidopsis thaliana) seedlings (Yoneda et al., 2007; Zhao et al., 2007; Schreiber et al., 2008; Park et al., 2009; Abdel-Hamid et al., 2011; Forde et al., 2013; Carland et al., 2016; Okubo-Kurihara et al., 2016; Sakai et al., 2017) . For such focused collections, small molecules can originate from a number of different, larger libraries. In the case of the LATCA collection, Chembridge, LOPAC (Sigma-Aldrich), Spectrum (MicroSource), small molecules bioactive in yeast (Maybridge), known herbicides and hormones, and novel compounds (http://www.thecutlerlab.org/2008/05/latca_30.html) are combined. Another example of a focused library is the collection of Plasma Membrane Recycling Set A and Set B (PMRA/B), which contains small molecules with bioactivity directed toward endomembrane trafficking in Arabidopsis derived from the DIVERSet, Novacore (Chembridge), Tim Tec Myria (Sigma-Aldrich), LATCA, and CLICKables (http://www.thecutlerlab.org/2008/05/latca_30.html) libraries (Drakakaki et al., 2011; Rivera-Serrano et al., 2012; Worden et al., 2015) . Other small dedicated libraries include known drugs and natural products, such as the MicroSource Spectrum library (Yoneda et al., 2007; Robert et al., 2008; He et al., 2011; Yoshimoto et al., 2012; Noutoshi et al., 2012a) , collections from the Chemical Diversity Research Institute in Moscow , and the Analyticon Discovery set (Serrano et al., 2010; Meesters et al., 2014) , or molecules that are bioactive in a different model organism, such as the Yeast Active library (Holbrook-Smith et al., 2016). Alternatively, small molecules can be derived from focused libraries based on a chemical scaffold (Khersonsky et al., 2003; Jeong et al., 2015) , as part of an industrial collaboration (Serrano et al., 2007) , or selected from bacterial cultures (Hayashi et al., 2001 (Hayashi et al., , 2003 Yamazoe et al., 2004; Xia et al., 2014) . Chemical screens initially carried out in yeast also have been a source for bioactive compounds in plants, such as the screens that identified the inhibitor of the sirtuin family of NADdependent deacetylases in Saccharomyces cerevisiae, designated sirtinol (Grozinger et al., 2001; Zhao et al., 2003) , and the vacuolar sorting inhibitors, called sortins (Zouhar et al., 2004) .
Focused libraries of strong candidates for screening also can be generated by means of computational methods. Recently, Kohonen-based self-organizing maps have been utilized to extract information from experimental data sources and databases of agrochemicals to identify potential candidate molecules (Bushkov et al., 2016) . Although experimental validation is essential to select hit molecules, such methods reduce significantly the required chemical space to be assayed physically.
PHENOTYPE-BASED SCREENS IN PLANT CHEMICAL GENETICS
In the past decades, drug discovery and development have relied largely on target-based strategies, in which disease modeling and pathway analysis generate a list of candidate proteins, generally leading to highthroughput biochemical screening. By contrast, efforts to discover small molecules active in plants have been based mainly on empirical approaches, such as phenotype-based screens ( Fig. 2 ; Table I ), although in a few examples computational approaches have been explored as well (Schweitzer et al., 2002; Bushkov et al., 2016) . Phenotype-based screens can be designed to be general and broadly specific, thus identifying compounds with different MoAs. For example, chemical screens for small molecules that inhibit or promote growth (of the hypocotyl or root) have revealed compounds affecting different hormonal pathways (Gendron et al., 2008; Savaldi-Goldstein et al., 2008) . Similarly, a recent screen for compounds that alter leaf vein patterns in Arabidopsis produced chemical hits affecting hormone signaling, endomembrane trafficking, and MAPK function, among others (Carland et al., 2016) . The more general phenotype-based screens have been especially valuable for the identification of small molecules acting in signaling cross talk (He et al., 2011; Kim et al., 2011; Ye et al., 2016) . For instance, a chemical screen for compounds activating mitochondrial retrograde signaling uncovered an inhibitor of auxin responses, 2-furylacrylic acid (Armstrong et al., 2004; Sungur et al., 2007) , exposing an unexpected link between mitochondrial function and auxin signaling (Kerchev et al., 2014) .
In cases in which more specificity is desired in the screen, very often changes were monitored in either a particular reporter line or a specific mutant phenotype (Hayashi et al., 2001; De Rybel et al., 2012; Meesters et al., 2014) . Examples of the latter are the discoveries of the compounds hyperphyllin and bubblin (Poretska et al., 2016; Sakai et al., 2017) . Application of hyperphyllin mimicked the phenotype of the altered meristem program1 (amp1) mutant, whereas bubblin simulated stomatal clustering mutants. Although the targets of these compounds have not been fully characterized, hyperphyllin has an AMP1-related MoA, whereas bubblin affects the polar localization of BREAKING OF ASYMMETRY IN THE STOMATAL LINEAGE, making them useful tools for the study of the function of the M28 family of carboxypeptidases and cell polarity establishment during stomata formation in plants, respectively. Overall, screens for compounds that mirror a particular mutant have been beneficial in contributing small molecules with specific MoAs.
Hormone Signaling Pathways
A major area of interest in plant chemical genetics is the discovery of activators or inhibitors of different hormone signaling pathways (Fonseca et al., 2014; Rigal et al., 2014) . Here, we review some important examples of phenotype-based screens that have led to the identification of small molecules affecting the signaling pathways for hormones, including auxin, abscisic acid (ABA), brassinosteroid (BR), ethylene, jasmonic acid (JA), and strigolactone (SL). One of the first phenotypebased screens relied on the ability of small molecules to suppress the Arabidopsis BA3 line harboring a GUS reporter controlled by the promoter of the indole-3-acetic acid (IAA)-inducible gene of pea (Pisum sativum), PS-IAA4/5. This line was used successfully to screen metabolites isolated from different Streptomyces species to uncover the specific auxin-signaling inhibitors yokonolide A, yokonolide B, and terfestatin A (Hayashi et al., 2001 (Hayashi et al., , 2003 Yamazoe et al., 2005) . With the same strategy and reporter line, screening of a combinatorial library yielded structurally different auxin response inhibitors (Armstrong et al., 2004) . Phenotypic screens based on the inhibition of growth or gravitropic responses in either Arabidopsis roots or maize (Zea mays) coleoptiles have been used to discover not only auxin-like molecules (Christian et al., 2008) , but also inhibitors of auxin transport (gravacin and rootin; Rojas-Pierce et al., 2007; Jeong et al., 2015) , signaling (2-[4-(diethylamino)-2-hydroxybenzoyl]benzoic acid; Kim et al., 2010) , and biosynthesis (yucasin; Nishimura et al., 2014) .
Screens for small molecules that inhibit seed germination or early seedling development have been instrumental in the discovery of chemical modifiers of ABA and SL signaling pathways, including the ABA agonist pyrabactin (Zhao et al., 2007; Park et al., 2009 ) and the SL biosynthesis inhibitors cotylimides (Tsuchiya et al., 2010) . Seed germination inhibitory screens have led to the identification of hypostatins, cell expansion inhibitors with an unknown MoA (Zhao et al., 2007) , and auxin response-promoting compounds, such as germostatin (Ye et al., 2016) .
Other hormonal pathways have been the subjects of inhibitory screens. The small molecule brassinopride was found as an nontriazole BR biosynthesis inhibitor in a screen for small molecules that inhibit the hypocotyl elongation in dark-grown seedlings and activate the expression of the CONSTITUTIVE PHOTO-MORPHOGENESIS AND DWARFISM-GUS reporter construct (Gendron et al., 2008) . The predominant screening strategy for the ethylene pathway focuses on the suppression of the dark photomorphogenic phenotypes of mutants displaying constitutive ethylene responses, such as ethylene overproducer1-4 (eto1-4), eto1-2, and constitutive triple response1-1 (ctr1-1), which has enabled the detection of several inhibitors of ethylene biosynthesis and signaling, named acsinones (Lin et al., 2010) , and the auxin biosynthesis inhibitor L-kynurenine (He et al., 2011) . A screening strategy based on repression of the inducible expression of the JA marker gene LIPOXYGENASE2 (LOX2) identified the JA signaling inhibitor jarin-1 (Meesters et al., 2014) . Phenotypic screen designs focused on restoring or promoting a particular growth phenotype or transcriptional readout have contributed to the discovery of useful small-molecule modifiers of hormonal signaling pathways. For instance, the plant GSK3 kinase inhibitor bikinin was identified by screening for the promotion of constitutive BR responses in light (De Rybel et al., 2009) . A very similar screen for small molecules inducing hypocotyl elongation in the BRdeficient mutant deetiolated2-1 (det2-1) in the dark revealed the growth-promoting compounds proauxins (Savaldi-Goldstein et al., 2008) , which have been found in two unrelated chemical screens, one for modulators of xylem differentiation in the acaulis5 (acl5) mutant (Yoshimoto et al., 2012) and one for inhibitors of the photorespiratory phenotype of the catalase2 (cat2) mutant under photorespiration-promoting conditions (Kerchev et al., 2015) . A screen for small molecules promoting lateral root development based on the ability to activate the B1-type cyclin (CYCB1)-GUS reporter specifically in xylem pole pericycle cells revealed the nonauxin small molecule naxillin. Naxillin enables the conversion of the auxin precursor indole-3-butyric acid (IBA) into IAA in the root cap and promotes lateral root formation (De Rybel et al., 2012) . Screening for small molecules that restore the elongated hypocotyl phenotype in light caused by the ectopic expression of CONSTITUTIVE PHOTOMORPHOGENIC1 in the presence of SLs yielded a group of small molecules, designated as REDUCED GERMINATION (RG) compounds (Holbrook-Smith et al., 2016) . The most potent of these RG compounds, soporidine, acted as an antagonist of SL signaling and SL-mediated Striga hermonthica germination. In summary, chemical genetics has Sakai et al., (2017) contributed to the identification of numerous small molecules affecting most of the hormone signaling pathways in plants through phenotype-based screens designed to either suppress or promote selected phenotypes. In all cases, increasing the screening specificity through the use of specialized reporters has yielded compounds with preferential MoAs.
Endomembrane Trafficking
Because endomembrane trafficking plays a key role in plant growth, development, and adaptation to different stresses through regulation of hormone homeostasis and signaling, chemical genetics has been extensively used to identify small molecule modifiers of different trafficking routes (Hicks and Raikhel, 2010) . In addition, the complex organization of the endomembrane system points to a need for chemical tools that can specifically and reversibly probe different vesicle transport pathways and overcome redundancy and lethality (Mishev et al., 2013) . One successful screening strategy was based on the inhibition of tobacco (Nicotiana tabacum) pollen germination and pollen tube growth, both processes requiring active trafficking and allowing screening in a high-throughput fashion (Robert et al., 2008; Drakakaki et al., 2011; ChuprovNetochin et al., 2016) . These screens provided the community with 360 small molecules (PMRA/B sets) altering different aspects of endomembrane trafficking (Drakakaki et al., 2011) and other potentially plant growth-modulating compounds (ChuprovNetochin et al., 2016) . Many of these small molecules affecting endomembrane trafficking carry the Endosidin (ES) moniker (Robert et al., 2008) . ES1, also named Prieurianin, was identified as an early endosomal compartment inhibitor (Robert et al., 2008) and later, also as stabilizer of the actin cytoskeleton (Tóth et al., 2012) . The small molecules ES3, ES5, and ES7 affect cell polarity, vacuolar targeting and recycling, and callose deposition during cell plate maturation, respectively (Drakakaki et al., 2011; Park et al., 2014) . Recently, ES2 has been found to inhibit exocytosis in plants and human cells and to target the EXO70 subunit of the exocyst complex (Zhang et al., 2016) . ES8 affects secretory pathways, exclusively toward the basal plasma membrane of the cell, thereby affecting PIN-FORMED1 trafficking and auxin distribution (Doyle et al., 2015) , whereas ES16 specifically perturbs apically localized proteins through regulation of the small GTPase RabA proteins (Li et al., 2017) . ES9, which was identified as an inhibitor of endocytosis in different systems (Dejonghe et al., 2016) , affected endomembrane dynamics, such as Golgi compartment movements, and depleted cellular ATP. These observations led to the classification of ES9 as a protonophoric small molecule that disrupts the proton balance throughout the cell. Secondary screens of the PMRA/B sets yielded the small molecules Cestrin (Worden et al., 2015) and C834 (Rivera- Serrano et al., 2012) . Another screening strategy that revealed chemical effectors of the plant endomembrane trafficking is represented by a screen for small molecules affecting gravitropic responses of Arabidopsis seedlings, followed by selection of compounds that alter the localization of the GFP:d-TIP marker (Surpin et al., 2005) . This screen identified the endocytosis inhibitor TENin1 (Paudyal et al., 2014) and the peroxisomal protein import inhibitor LDS-003655 . By and large, the identification of chemical modifiers of plant endomembranes requires robust primary screens, most often designed to inhibit phenotypes dependent of intercellular trafficking (Surpin et al., 2005; Robert et al., 2008; Drakakaki et al., 2011) . These screens are then followed by an image-based examination of different fluorescently labeled endomembrane markers to visualize the effect of the compound on various intracellular compartments. The meaningful use of such small molecules in research strongly requires knowledge of the MoAs.
Cell Wall Homeostasis
The use of small molecules to modify plant cell wall properties is an attractive strategy for increasing the plant biomass that relies on the accumulation of biopolymers, such as cellulose, hemicellulose, and lignin in the cell wall (Himmel et al., 2007) . Additionally, cellulose biosynthesis inhibitors, found in diverse screens of combinatorial and natural chemical libraries of microbial agents, have been applied in agriculture as herbicides (Tateno et al., 2016) . Some of these inhibitors either target cellulose biosynthesis directly or affect the cortical cytoskeleton by inhibiting microtubule or actin dynamics (Brabham and DeBolt, 2013) . Recent screens for chemical cellulose synthesis inhibitors have been designed based on the observation that the depletion of cellulose microfibrils results in a decreased anisotropy of cell wall expansion and an inability to achieve a differentiated cell shape (DeBolt et al., 2007; Yoneda et al., 2007) . Consequently, screens for compounds that caused the swelling of Arabidopsis seedling organs or altered the cell morphology of Bright Yellow-2 tobacco cells uncovered the cell wall modifier morlin, affecting microtubule dynamics (DeBolt et al., 2007) , the spherical swelling (SS) compounds (Yoneda et al., 2007) , and the carboxylic acid ionophore lasalocid sodium (Okubo-Kurihara et al., 2016) . Whereas one of the SS compounds, designated cobtorin, perturbs the parallel relationship between cortical microtubules and nascent cellulose microfibrils (Yoneda et al., 2010) , lasalocid sodium induces cell wall loosening by enzymatic saccharification enhancement (OkuboKurihara et al., 2016) . The endomembrane inhibitor cestrin disrupts cellulose synthase complex trafficking and affects cellulose deposition (Worden et al., 2015) . A phenotypic screen utilizing ploidy level measurements to find novel cell division-interfering compounds identified the compound C17, which increased polyploidy as a result of cytokinesis inhibition. Interestingly, C17 was further characterized as a cellulose synthase inhibitor that also interfered with mitochondrial retrograde signaling (Hu et al., 2016) . Another chemical screen for inhibitors of the lignin biosynthetic pathway based on reduced lignin accumulation in the presence of the cellulose synthesis inhibitor isoxaben revealed 39 small molecules that cause major perturbations in the phenylpropanoid pathway. One compound was processed in plant cells to p-iodobenzoic acid, which was further characterized as a new inhibitor of cinnamate 4-hydroxylase, a key enzyme of the phenylpropanoid pathway for the synthesis of the lignin polymer building blocks (Van de Wouwer et al., 2016) . Overall, chemical screens designed to identify cell wall modifiers have yielded useful molecules, although several interesting compounds have been discovered through unrelated phenotype-based screens, such as screening for trafficking or ploidy modifiers (Worden et al., 2015; Hu et al., 2016) .
Immunity and Cell Death
Chemical phenotype-based screens have been designed to discover substances that interfere (via inhibition or induction) with defense reactions related to patterntriggered immunity (Jones and Dangl, 2006) . These screens have isolated many small molecules synthesized by Fusarium spp. and other fungal species, namely oxytriazine, triclosan, fluazinam, cantharidin, enpiclonil, two trichothecene-type mycotoxins, 4,15-diacetoxyscirpenol, and neosolaniol (Serrano et al., 2007 (Serrano et al., , 2010 . A high-throughput screen for compounds that facilitate pathogen-activated cell death in cultured suspension cells of Arabidopsis revealed the imprimatins that prime immune responses and enhance disease resistance against Pseudomonas syringae in Arabidopsis through the possible inhibition of salicylic acid glucosyltransferases (Noutoshi et al., 2012b) .
Different classes of sulfonamides were discovered through two other screens for small molecules that either protect Arabidopsis from infection by P. syringae or enhance the avirulent P. syringae-induced cell death of Arabidopsis suspension cell cultures (Schreiber et al., 2008; Noutoshi et al., 2012a) , with still unknown MoAs. The induction of the pathogen-responsive reporter CaBP222 2 333 ::GUS was used to identify the compounds 3,5-dicholoroanthranilic acid and 2-(5-bromo-2-hydroxy-phenyl)-thiazolidine-4-carboxylic acid, both triggering disease resistance against pathogens in Arabidopsis ( Knoth et al., 2009; Rodriguez-Salus et al., 2016) . The small molecule [5-(3,4-dichlorophenyl) furan-2-yl]-piperidine-1-ylmethanethione (DFPM) was detected via a chemical screen for the inhibition of ABA-dependent gene expression and ABA-induced stomatal closure. DFPM activates plant immunity to disrupt ABA signal transduction at the Ca 2+ signaling level (Kim et al., 2011) . Another screen for suppression of the lethality of constitutive expresser of PR genes22 (cpr22; a gain-of-function mutation of AtCNGC11 and AtCNGC12 of Arabidopsis) also uncovered Ca 2+ channel blockers and compounds that probably indirectly affect the Ca 2+ channel activity (Abdel-Hamid et al., 2011) . Altogether, chemical genetics has been useful for the study of plant-pathogen interactions and for the plant immunity field. The identified compounds are attractive for basic research because they allow functional dissection of the plant immune system and for applied purposes because they can protect crop plants from diseases (Mott et al., 2014) .
TARGET IDENTIFICATION
Although small molecules can be useful tools for dissecting a particular biochemical or signal transduction pathway without knowledge of the direct target, as demonstrated by the use of naxillin (De Rybel et al., 2012) , the development of specific chemical probes with applications in basic research and commercial approaches requires a thorough understanding of the MoA and target protein(s). The recent example of the endocytosis inhibitor tyrphostin A23 (TyrA23) highlights the necessity for detailed characterization and target identification (Dejonghe et al., 2016) . TyrA23, originally identified as a Tyr kinase inhibitor of the epidermal growth factor receptor, was later described as a specific inhibitor of the interaction between the receptor and the clathrin machinery (Yaish et al., 1988; Banbury et al., 2003) . As such, TyrA23 has been used as a specific inhibitor of clathrin-mediated endocytosis in plant cells (Dejonghe et al., 2016) . However, the endocytosis-inhibiting activity of TyrA23 has been found to be due to its protonophoric characteristics, causing cytosolic acidification and endocytic block (Dejonghe et al., 2016) . Therefore, TyrA23 cannot be used as a specific inhibitor of clathrin-mediated endocytosis.
Even though phenotypic screenings present several advantages, such as compliance with Lipinski's rule of 5 in the detected compounds, ensuring their bioavailability, and the potential to uncover small molecules with novel, previously unknown MoAs, this approach is more useful when combined with robust MoA analysis. MoA studies are a critical complement to phenotypic screening and can be developed at the molecular (such as target identification), biochemical, or cellular level (Swinney, 2013) . A serious disadvantage in plant chemical genetics is the lack of implementation of robust MoA technologies, as in the drug discovery field (Wagner and Schreiber, 2016) . Most target identification strategies in plant chemical genetics adopt a candidate approach or screening for compound-resistant mutants (Tresch, 2013; Dejonghe and Russinova, 2014) . Although screening for compound-resistant mutants often is the preferred strategy, surprisingly, thus far, the most successful target identification has been obtained with the candidate approach. This approach relies on the careful characterization of phenotypes that will point to a testable number of candidates and on deep knowledge of either the signaling pathway or the process of interest. In this manner, the direct targets of small molecules such as yucasin, L-kynurenine, bikinin, acsinones, jarin-1, and soporidine have been identified (Table I) . Very often, these targets are enzymes that can be produced easily in vitro, and their activity toward known substrates can be tested in the presence of the compound. Although proven to be successful, this strategy focuses on targets involved in or related to the phenotype of interest. A conceivable shortfall of this approach is the potential failure to uncover off-targets (Moffat et al., 2014) , especially for small molecules originating from combinatorial libraries.
Compound-insensitive screens with ethyl methanesulfonatemutagenized Arabidopsis populations have been informative in identifying the compound MoA at the biochemical pathway level, but they do not always reveal the direct target. For instance, the screen for germostatin-resistant mutants revealed a mutation in the GERMOSTATIN RESISTANCE1 (GRS1) gene. This GRS1 allele encodes a mutation in the PHD finger protein GSR1, which interacts physically with IAA17 and ADP-RIBOSYLATION FACTOR10 (ARF10)/ARF16 to form a corepressor complex and to enhance auxin signaling, but it is not a direct target of germostatin (Ye et al., 2016) . A screen for naxillin-resistant mutants uncovered the NAXILLIN RESISTANT1 locus containing INDOLE-3-BUTYRIC ACID RESPONSE3, which codes for a protein implicated in the peroxisomal b-oxidation pathway in which IBA is converted into IAA17, confirming that a defect in this step is responsible for the naxillin resistance phenotype (De Rybel et al., 2012) . In another screen, hypostatin resistance led to the identification of the glycoactivating enzymes but not to the direct target of the glycosylated hypostatin (Zhao et al., 2007) . A screen for resistance to the ethylene biosynthesis inhibitor acsinone7303 detected 19 Arabidopsis mutants, designated revert to eto1, of which two carried mutations in the CELLULOSE SYNTHASE6 (CESA6) and DET2 genes, but none were direct targets (Chen et al., 2013) . Similarly, in addition to mutations in CESA1 and CESA3, a forward genetic screen found two independent defective genes that encode pentatricopeptide repeat-like proteins and confer tolerance to C17 (Hu et al., 2016) .
In the case of cobtorin, a full-length cDNA overexpression gene library from Arabidopsis was used to screen for the suppression of the cobtorin-induced phenotypes. Overexpression of two pectin modulation enzymes led to cobtorin resistance, but cobtorin did not bind any of them directly (Yoneda et al., 2010) . Direct targets of only two compounds, gravicin and pyrabactin, have been identified successfully through compoundinsensitive screens. In a screen for gravacin-resistant mutants, a member of the superfamily of ATP-binding cassette transporters, P-GLYCOPROTEIN19 (PGP19) was detected. Studies with PGP19-containing membranes indicated that gravacin binds PGP19 and inhibits auxin transport (Rojas-Pierce et al., 2007) . Similarly, the pyrabactin targets PYRABACTIN RESISTANT1 (PYR1) and PYR1-LIKEs (PYLs) also were discovered in a pyrabactin insensitivity screen (Park et al., 2009) .
Biochemical affinity purification is the most direct approach to find target and off-target proteins, given that the small-molecule hit can be modified without activity loss. This method often is used in drug discovery (Ziegler et al., 2013) , but is less popular in plant chemical genetics (Dejonghe and Russinova, 2014) . One of the few recent examples of affinity-based target identification in plant chemical biology was obtained from the ES2 MoA study, in which a biotin-tagged ES2 analog was used to identify EXO70 as an ES2 target (Zhang et al., 2016) . Despite recent progress, direct target identification still remains the most challenging, and painstaking, step in chemical genetics biology projects. Although no single method is satisfactory, future success will require vigorous implementation of affinity-based and label-free methods in combination with genetics and exploit existing detailed knowledge of cellular pathways and processes.
TARGET-BASED SCREENS AND SYNTHETIC BIOLOGY
Although phenotype-based screens allow the identification of a wide range of small-molecule hits, often with an equally broad range of MoAs, they are less suitable for finding new analogs or hit molecules aimed at one specific target or target group. For these purposes, target-based screens or reverse-chemical genetics approaches are more appropriate, but only a few have been reported in plants; for instance, a screen for smallmolecule binders of an Arabidopsis protein with unknown function was combined with in silico screening of the SPECS compound database and surface plasmon resonance for hit selection (Yoshitani et al., 2005) . A notable advantage of initial in silico screening is the size of the small-molecule libraries that can be screened without the need for physical handling of the small molecules in a high-throughput fashion. Another example concerns the search for small-molecule inhibitors of Glc incorporation in cell wall polysaccharides (Zabotina et al., 2008) . As most enzymes involved in polysaccharide synthesis are located in the Golgi apparatus, the screening procedure has been focused on its oligosaccharide content rather than on a particular enzyme or group of enzymes.
Several reverse screens have been based on the ABA receptor PYR1 and closely related PYLs. In a search for novel ABA agonists and antagonists (Ito et al., 2015) , close to 25,000 small molecules from the RIKEN Natural Products Depository database were screened for interactions with recombinant Arabidopsis PYR1 fused to either glutathione S-transferase or His tags through a chemical array technique (MacBeath et al., 1999) . A secondary screen for activation or inactivation of the clade III Ser/Thr-related protein kinase 2 confirmed hits from the primary screen as agonists or antagonists of ABA signaling.
In another screen, PYR1 and the dimeric ABA receptors PYL1, PYL2, and PYL3 were found to be targets of the ABA agonist quinabactin through a receptor activation-reporting yeast two-hybrid screen (Okamoto et al., 2013) . Quinabactin application complemented the ABA-deficient phenotypes at the levels of seed germination, vegetative growth, and drought tolerance in various plant species, indicating that the activation of the dimeric receptors accounts for the majority of the ABA-mediated responses. The effects of quinabactin highlight the requirement for the dimeric receptors in ABA-mediated plant water use. Thus, activators of PYR1 and its close relatives could potentially be developed into agrochemicals to control the water use of crops.
Importantly, instead of screening a large library of small molecules, a collection of receptor mutants could be screened for their activation by nonherbicidal agrochemicals. This idea was the impetus for a PYR1-focused screen involving a mutant collection covering all possible amino acid combinations for the residues lining the PYR1 ABA-binding pocket (Park et al., 2015) . The fungicide mandipropamid bound with low affinity to a particular mutant that was further improved by targeted mutagenesis, resulting in a nanomolar affinity of mandipropamid in the engineered PYR1 receptor. Crucially, the conserved and essential Lys residue needed for ABA responsiveness was substituted by an Arg, rendering the engineered PYR1 receptor responsive to mandipropamid, but not to ABA, and creating an orthogonal ligand-receptor system (Park et al., 2015) . In addition, because overexpression of wild-type ABA receptors results in decreased yields (Kim et al., 2014) , substitution of the essential Lys residue ensured that the overexpressed engineered PYR1 failed to have negative consequences for plant growth (Park et al., 2015) . Orthogonal receptorligand pairs are designed to become unresponsive to endogenous signaling cues, such as ABA in the case of the engineered PYR1 receptor (Fig. 3A) . Yet, the engineered receptor remains capable of activating its endogenous downstream targets upon binding its orthogonal ligand, which, in turn, is inactive in all other pathways within the biological system of interest (Voß et al., 2015) .
Such small molecule-based orthogonal systems represent a well-known and successful approach in mammalian systems and offer a plethora of new possibilities in engineering and controlling biological systems (Erhart et al., 2013; Voß et al., 2015; Kim et al., 2016) . Recently, the small-molecule control of therapeutic T cell functions has been studied . As T cells can recognize and kill cancer cells, they become valuable options as agents in cancer therapy, but the administration of T cells directed toward cancer cells poses the risk of excessive activity and off-target effects with potentially lethal outcomes. Engineered T cells with chimeric antigen receptors controlled by a small molecule allow the chemical regulation of T cell activities in a spatiotemporal manner, thereby importantly reducing the risks of excessive and off-target activity . Such applications of orthogonal ligand-receptor pairs highlight the potential of synthetic chemical biology approaches, for which the engineered PYR1 receptor is currently the lone example in plant chemical biology.
Although such methods are emerging in plant systems, including fluorescently tagged hormones and metabolites to visualize signaling events (Nemhauser and Torii, 2016) , very few small molecule-based orthogonal systems have been described. However, GA and ABA have been used as small molecules in Figure 3 . Principle of orthogonal receptor-ligand pairs and the cellular thermal shift assay (CETSA). A, Orthogonal receptor-ligand pairs can be designed from an endogenous receptor, which is capable of binding the endogenous ligand (yellow) but not the ligand of interest (blue), which lacks activity in the biological system of interest. Receptor engineering results in the inability of the endogenous ligand to activate the engineered receptor, which is now activated by the ligand of interest. B, The CETSA principle is based on the small molecule-mediated stabilization or destabilization of the protein target (yellow cartoon and curves) relative to the unbound protein target (blue cartoon and curve), as measured by thermal denaturation of the protein of interest (black cartoons, curves).
mammalian-based orthogonal chemically induced dimerization (CID) systems (Liang et al., 2011; Miyamoto et al., 2012) . Taken together, target-based screens offer the possibility to identify a small molecule ligand for a specific protein of interest and to further improve on small molecule binding. This, in turn, can fuel the development of molecular tools, such as orthogonal receptorligand pairs.
FUTURE PERSPECTIVES
Well-characterized small molecules can be valuable tools to temporarily disturb biological systems, to act as important survival-promoting agents, or to enhance overall performance. Although plant chemical genetics has experienced important advances in recent years, certain aspects could benefit from studying chemical biology approaches used in other systems.
One part of the pipeline to advance by application of the current trends in drug discovery is the available chemical space for screening. Theoretically, the chemical space is vast and probably will never be fully exploited. The actual chemical space is variable, but is restricted to the size of libraries that can be handled conveniently in a high-throughput manner, whereas the data sets often consist of a particular kind of bioavailable small molecules, such as diversity-oriented combinatorial libraries (Bajorath, 2016 ). Yet, in these types of small-molecule libraries, the number of hit molecules that result from screening efforts is disappointingly low. As a consequence, interest in combinatorial libraries is waning and focus is shifting toward fragment-based and natural product libraries (Harvey et al., 2015; Bajorath, 2016) . Attempts to purify new natural product-based hit molecules, including small molecules derived from marine sources (Gerwick and Moore, 2012) , have gained a renewed attention after a period of relative neglect, thanks to some success stories (Gerwick and Moore, 2012; Harvey et al., 2015) . Natural product libraries are particularly interesting in the search for small-molecule inhibitors of protein-protein interactions (Harvey et al., 2015) ; such libraries could potentially be valuable resources for small-molecule probes of endomembrane trafficking in plants.
Although several libraries provide natural products for chemical screens in plants, most small molecules originate from the DIVERSet library. Despite valuable hits can still be delivered by such libraries, the often planar overall structure of the chemicals due to enrichment in aromatic groups has been recognized as a limiting factor in hit discovery. Current efforts are focused on the identification or generation of small molecules with an increased degree of stereochemistry and overall three-dimensional structure instead of combinatorial collections (Lovering et al., 2009; Harvey et al., 2015; Bajorath, 2016) , because such natural product collections have the added advantage of being enriched in bioavailable compounds. An increase in the diversity of various types of libraries, including natural products, would be beneficial for plant chemical biology in the future.
Target identification in plant chemical genetics is another area that would profit from the adoption of different approaches when compared with the standard strategies currently used. Notably, biochemical approaches, such as affinity purification, or label-free approaches, such as the cellular thermal shift assay (CETSA; Martinez Molina et al., 2013) , are well suited to identify direct targets, especially at a proteome-wide level. Numerous examples of affinity purifications exist in mammalian systems (Ziegler et al., 2013) . The CETSA approach, which is based on the principle that small molecule-protein interactions either stabilize or destabilize the protein, is emerging as a valuable label-free approach capable of identifying off-targets (Savitski et al., 2014; Becher et al., 2016) . Stabilization or destabilization can be assessed through the thermal profile of the protein of interest, which reflects the thermal stability and indicates how much protein is not yet denatured at certain temperatures (Fig. 3B) . Thus, CETSA provides a label-free and accessible means to assess small-molecule binding to a protein of interest. However, each positive interaction according to the CETSA approach should be carefully confirmed with complementary approaches.
Chemical genetics projects often tend to be long and expensive endeavors, especially when including target identification, validation, and optimization. However, thorough understanding of the MoA and knowledge of the target proteins allow the anticipation of undesirable phenotypes and, eventually, improvement of the small molecule of interest, so that a specific probe can be developed through structure-activity relationship analysis. Current estimates in drug discovery are that small combinatorial compounds have six target proteins on average (Arooj et al., 2015) . Thus, small molecules from, for example, the DIVERSet library will most probably have more than one target, potentially complicating the interpretation of observed phenotypes upon small-molecule application. Moreover, the recent example of TyrA23 (Dejonghe et al., 2016) highlights the need for an in-depth analysis of the MoA, which is not necessarily linked to protein targets. Similarly, examples from the mammalian drug discovery field, in which small-molecule hits have been found to additionally affect mitochondrial function (Moffat et al., 2014; Wallace, 2015) , emphasize the need for a thorough analysis of off-target effects. The study of multitarget small molecules, or polypharmacology, can highlight possible off-target and toxic effects as part of the MoA and redirect small molecules as well. Currently, in silico attempts show great potential in the identification of multitarget small molecules (Lavecchia and Cerchia, 2016) and can be complemented by biochemical methods, such as CETSA and affinity purification. Taken together, full characterization and target identification should be considered indispensable for small molecules to become valuable and to be widely used research tools in the future.
Finally, thorough understanding of the MoA and identification of target proteins, together with crystallographic data on the target proteins, can promote the development of orthogonal ligand-receptor pairs, such as the engineered PYR1-mandipropamid pair (Park et al., 2015) . Several small molecules have been used in CID to initiate the dimerization of two protein domains in mammalian systems (DeRose et al., 2013; Voß et al., 2015; Kim et al., 2016) , providing blueprints for similar setups in plant systems. One of the best-known examples is the rapamycin-based CID, in which rapamycin acts as the mediator to link the FK506-binding protein (FKBP) and the FKBP rapamycin-binding domain of mTOR (FRB) together. When fused to different proteins of interest, the rapamycin-induced dimerization of FKBP and FRB can be used to relocate proteins or reconstitute signaling cascades in a spatiotemporally controlled manner. As rapamycin application is difficult to reverse and affects endogenous targets, other systems have been developed (DeRose et al., 2013; Voß et al., 2015; Kim et al., 2016) , including light-controlled GA 3 (Schelkle et al., 2015) and photocaged ABA (Wright et al., 2015) . Such orthogonal systems, including light-controlled small molecules, represent a new frontier in chemical biology. They could become invaluable tools in agriculture, as hinted by the engineered PYR1-mandipropamid system (Park et al., 2015) , or could act as a specific switch for signaling pathways and transcriptional responses. Taken together, small-molecule application opens up a plethora of possibilities to control biological processes, and in coming years, the use of well-characterized and defined chemical tools will become indispensable in plant research and beyond.
